To determine how the absence of retinal ganglion cells (RGCs) in Math5 (Atoh7) mutant mice affects circadian behavior and retinal function. METHODS. The wheel-running behavior of wild-type and Math5 mutant mice was measured under various light-dark cycle conditions. To evaluate retinal input to the suprachiasmatic nuclei (SCN) anatomically, the retinohypothalamic tracts were labeled in vivo. To assess changes in retinal function, corneal flash electroretinograms (ERGs) from mutant and wild-type mice were compared under dark-and light-adapted conditions. Alterations in retinal neuron populations were evaluated quantitatively and with cell-type-specific markers. RESULTS. The Math5-null mice did not entrain to light and exhibited free-running circadian behavior with a mean period (23.6 Ϯ 0.15 hours) that was indistinguishable from that of wild-type mice (23.4 Ϯ 0.19 hours). The SCN showed no anterograde labeling with a horseradish peroxidase-conjugated cholera toxin B (CT-HRP) tracer. ERGs recorded from mutant mice had diminished scotopic a-and b-wave and photopic b-wave amplitudes. The scotopic b-wave was more severely affected than the a-wave. The oscillatory potentials (OPs) and scotopic threshold response (STR) were also reduced. Consistent with these ERG findings, a pan-specific reduction in the number of bipolar cells and a smaller relative decrease in the number of rods in mutant mice were observed. 1,2 Retinal progenitor cells express the conserved basic helix-loop-helix (bHLH) transcription factor ath5.
T he vertebrate retina is an ordered laminar tissue with seven major cell types: rod and cone photoreceptors; horizontal, bipolar, and amacrine interneurons; Müller glia; and retinal ganglion cells (RGCs). These are formed from multipotent retinal progenitors in a stereotyped, temporally overlapping fashion, with RGCs as the first-born cell type in all species examined. 1, 2 Retinal progenitor cells express the conserved basic helix-loop-helix (bHLH) transcription factor ath5. [3] [4] [5] [6] [7] Loss-of-function studies in zebrafish and mice and gain-of-function studies in chicken and frog show that ath5 is essential for RGC development. 3,4,6 -9 Mice with targeted deletions of Math5 (Atoh7) lack RGCs and optic nerves. 8, 10 They also have thinner retinas than wild-type mice, with fewer rod bipolar cells, Müller glia and calretinin-positive amacrine cells, but relatively more cones and cholinergic amacrines. 8, 10 In mammals, circadian behavior and physiological rhythms are regulated by an intrinsic pacemaker located in the suprachiasmatic nuclei (SCN) of the hypothalamus. 11, 12 Its period approximates 24 hours and is maintained through oscillatory networks of gene expression. 12, 13 Under normal circumstances, the SCN clock is synchronized daily to environmental cues, primarily changes in ambient light intensity (photoentrainment).
14 A subset of RGC axons projects directly to the SCN via the retinohypothalamic tract (RHT). 11, 15 Eye enucleation and RHT lesion studies in rodents have shown that electrical signals transmitted by RGC axons to the SCN are absolutely necessary for photoentrainment. 16, 17 However, neither rod nor cone photoreceptors are required. 18 -20 Instead, the RGCs that project directly to the SCN express the photopigment melanopsin (Opn4), are intrinsically photosensitive, and mediate photoentrainment. [21] [22] [23] [24] However, melanopsin and RGC photosensitivity are not necessary in mice with intact rods and cones. 25, 26 Taken together, these observations show RGCs detect light, directly or indirectly, integrate this information, and transmit a signal to the SCN for photoentrainment. However, it remains unclear whether RGCs affect the development and/or intrinsic physiology of the SCN.
Light stimulation triggers a series of changes in electrical potential as the signal is transmitted through the retina from photoreceptors to RGCs and the brain. These electrophysiological changes can be measured using the flash electroretinogram (ERG). For the rod transmission pathway, ERGs are recorded under dark-adapted (scotopic) conditions. The scotopic ERG has four primary components that depend on the intensity of the stimulus flash. [27] [28] [29] [30] [31] The scotopic a-wave is a negative waveform generated by hyperpolarization of rods and is detected only at relatively high stimulus intensities. 32, 33 The scotopic b-wave is a positive waveform that reflects the depolarization of rod bipolar cells. 31,34 -37 The scotopic threshold response (STR) is a sensitive waveform detected at rod threshold light intensities [27] [28] [29] 38 and is biphasic in rodents. 39, 40 The STR is most likely caused by depolarization of amacrine cells and/or RGCs in the rod pathway. 29, 30, 38, 41 Oscillatory potentials (OPs) are regular wavelets that overlay the b-wave and are also thought to arise from depolarizing amacrine cells and/or RGCs. [42] [43] [44] To measure the electrophysiological responses of the cone pathway, flash ERGs are recorded under light-adapted (photopic) conditions. The photopic a-wave, caused by hyperpolarization of cones, is very small in mice because of the small number of cones present and the absence of an anatomic fovea. Depolarization of cone ON bipolar cells generates the photopic b-wave. [45] [46] [47] In this study, we have tested how agenesis of RGCs affects circadian behavior and retinal electrophysiology. We show that Math5-null mice cannot photoentrain due to the absence of RGCs innervating the SCN. In contrast to results in a similar behavioral study in an independent strain of Math5-null mice, 48 our mutant mice were free-running with a period that is indistinguishable from that of wild-type littermates, suggesting that the SCN clock is not affected by the congenital absence of RGCs and does not require Math5 during development. Math5-null mice have decreased a-and b-wave, STR, and OP amplitudes, but the shape and time course of ERG components are normal. The number of rod photoreceptors and bipolar cells was reduced in Math5 mutant mice, commensurate with these ERG changes.
MATERIALS AND METHODS

Animals
Wild-type and Math5-null littermates were derived from one of our original embryonic stem (ES) cell-derived chimeric founders 8 by backcrossing to inbred C57BL/6J mice for four generations and then intercrossing the incipient congenic progeny. The resulting B6.129-Atoh7 tm1Gla N 4 F 2 offspring, which were Ͼ90% genetically identical with C57BL/6J, were used for circadian behavioral, RHT labeling, ERG recording, and cell-counting experiments. N 6 F 2 mice were used for bipolar and RGC immunohistochemistry experiments. All animals in this study were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Circadian Behavioral Testing
At 12 weeks of age, 17 wild-type and 7 Math5-null mice were housed individually in cages equipped with running wheels. 14, 49 These were assorted randomly into groups of three to four cages and placed inside light-controlled cabinets for 100 days, from November 2000 to February 2001. Wheel-running activity was monitored continuously by an online computer system (Chronobiology Kit; Stanford Software Systems, Santa Cruz, CA) and analyzed in double-plotted actograms. After a 2-day period of adaptation, mice were maintained on a 12-hour light/12-hour dark (LD) cycle for 18 days. The LD cycle was then advanced 6 hours and maintained for 14 days. The mice were then subjected to complete darkness (DD) for 24 days, returned to 12-hour LD for 24 days, and finally exposed to constant light (LL) for 18 days. There was a 5-day gap in activity recording (during the DD phase) when the computer monitoring system failed.
Anterograde Labeling of Retinal Hypothalamic Tracts
The retinal hypothalamic tracts (RHTs) of three wild-type and three Math5-null animals were labeled at 8 weeks of age with horseradish peroxidase (HRP)-conjugated cholera toxin B (CT-HRP). Each mouse was deeply anesthetized with 90 mg/kg ketamine and 5 mg/kg xylazine, and 3 L of 0.2% CT-HRP (List Scientific, Campbell, CA) was slowly injected into one vitreous chamber with a 5-L syringe with a beveled point (Hamilton, Reno, NV). 50 Mice were given 0.075 mg/kg buprenorphine to minimize discomfort. After 36 hours, mice were euthanatized with an overdose of anesthesia and perfused with 4% paraformaldehyde. To verify the injection and control for nonspecific staining, retinas from injected and uninjected eyes of each mouse were stained for 5 to 10 minutes with 0.5 mg/mL 3,3Ј-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich, St. Louis, MO) and 0.003% H 2 O 2 to reveal HRP activity. The brains were cryoprotected with sucrose, frozen in optimal cutting temperature media (OCT, Tissue Tek; Sakura Finetek, Torrance, CA) and sectioned through the hypothalamus in the coronal plane. To evaluate the RHT, 40-m cryosections were stained with 0.05 mg/mL 3,3Ј,5,5Ј tetramethylbenzidine (TMB; Sigma-Aldrich) and 0.006% H 2 O 2 for 25 minutes. 51 The optic nerves, chiasm and tracts, and SCN were photographed with a compound microscope (Eclipse E800; Nikon, Melville, NY) equipped with Nomarski optics and a digital camera (SPOT; Diagnostic Instruments, Sterling Heights, MI).
Electroretinography
Flash ERGs were recorded from each eye of five wild-type and five Math5-null mice at 8 months of age. The mice were dark adapted overnight and anesthetized with 13 mg/kg xylazine and 86 mg/kg ketamine in dim red light. Body temperature was maintained near 38°C with a heating pad. The pupils were dilated with 0.1% atropine and 0.1% phenylephrine HCl, and the corneas were anesthetized with 1% tetracaine. Gold-wire reference electrodes were applied to each cornea under 3% methylcellulose. Gold-wire differential electrodes were placed on the sclera near the limbus, and a ground wire was attached to the ear. Voltage responses were amplified 10,000-fold and passed through 0.1-to 1000-Hz band-pass and 60-Hz notch filters. Full-field 30-s flashes were generated with a photostrobe (Xenon PS-22; Grass Telefactor, West Warwick, RI) and presented in a Ganzfeld bowl. The stimulus intensity was varied from ERG threshold to a maximum of 0.6 log cd-s/m 2 with neutral-density filters. Photopic ERGs were elicited with 0.6-log cd-s/m 2 maximum intensity flashes on a rod-suppressing white background (42 cd/m 2 ). S-and M-cone-specific responses were evaluated in wild-type mice with 1-s photostrobe flashes (model 238; Vivitar USA, Oxnard, CA) that were limited to 400 or 540 nm with narrow-band interference filters (nominal half-bandwidth of 10 nm). To assess relative S-cone versus M-cone responses in Math5 mutants, we adjusted the strobe intensity to give equal amplitude responses at both wavelengths in wild-type mice.
ERGs were analyzed by plotting the amplitude (in microvolts) of each component against the logarithm of the flash intensity over the entire stimulus range. The a-wave amplitude was measured from prestimulus baseline to peak negative voltage, and the b-wave amplitude was measured from the a-wave trough to the b-wave peak. OPs were isolated by subtracting dark-adapted responses recorded at maximum stimulus intensity, with and without 100-to 300-Hz filtering. The amplitudes of OP wavelets 1 to 4 were measured from peak to trough and summed. The implicit time of each ERG component was measured as the time between the flash onset and stimulus peak voltage.
Histology and Morphometric Analysis
After ERG recording, eyes from four wild-type and four mutant animals were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at 3 m, and stained with hematoxylin and eosin (H&E) or antibodies. Two central, 250-m-wide fields were analyzed in midaxial sections of each eye (Fig. 5C ). The sections were made near the posterior pole, as close as possible to the longitudinal axis, and were oriented perpendicular to the retinal layers. Laminar thickness was measured at ten 25 m-spaced intervals and averaged. The planimetric density (cells per square millimeter) of each layer was determined by counting nuclei within the inner (INL) and outer (ONL) nuclear layers in H&E-stained fields, dividing by the section thickness (3 m) and field width (250 m), and applying the modified Abercrombie method to correct for nuclear diameter. 52, 53 Rod photoreceptors were counted in adjacent sections. Three wild-type sections (six 250-m fields) and two Math5-null sections (four 250-m fields) were stained with the rhodopsin monoclonal antibody RetP1 54, 55 (1:250; Sigma-Aldrich) and visualized using biotinylated anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA), streptavidin-HRP (ABC; Vector Laboratories, Burlingame, CA), and DAB. All well-defined, rhodopsin-positive perikarya in the ONL of surveyed fields were counted as rods.
Bipolar and RGC Immunofluorescence Staining
Cryosections from wild-type and Math5-null mice were immunostained with bipolar and ganglion cell-specific markers. 56 RGCs were labeled with mouse anti-neurofilament 160 kDa (NN18, 1:100; SigmaAldrich). Rod bipolar cells were labeled with mouse anti-PKC (MC5, 1:100; Sigma-Aldrich). Cone bipolar cells were stained with mouse anti-G o ␣ (MAB3073, 1:500; Chemicon, Temecula, CA) and rabbit antirecoverin (1:1000; the generous gift of Alexander Dizhoor, Kresge Eye Institute, Detroit, MI). Slides were blocked in 10% donkey serum, 1% bovine serum albumin (BSA) in 0.1 M NaPO 4 (pH 7.3), 0.5% Triton X-100 (PBTx) for 1.5 to 4 hours at room temperature (RT) and incubated with primary antisera overnight at 4°C. Biotinylated secondary antibodies (1:500; Jackson ImmunoResearch) were added for 2 hours at RT, followed by streptavidin-DTAF (dichlorotriazinylaminofluorescein, 1:500; Jackson ImmunoResearch) for 1 to 2 hours at RT. Images were captured using a confocal fluorescence microscope (Diaphot 200; Nikon) with a laser scanning assembly (Noran OZ; Thermo Electron Corp., Waltham, MA).
RESULTS
Abnormal Circadian Behavior in Math5-null Mice
Mammalian circadian clocks are entrained daily to periodic changes in the external environment such as ambient light intensity. The eyes and optic nerves are necessary components of the mammalian photoentrainment pathway. In several species, bilateral eye enucleation or optic nerve transection has been shown to result in circadian behavior that is free-running with an intrinsic period that is slightly longer or shorter than 24 hours. 16, 17 Because Math5-null mice lack optic nerves at all stages of life, they represent a unique model for testing how congenital absence of RGC input affects SCN development and function.
We measured the circadian wheel-running behavior of 7
Math5
Ϫ/Ϫ and 17 Math5 ϩ/ϩ congenic mice, which were age and sex matched. Wheel-running activity was recorded over a 100-day protocol (Fig. 1) . During the first 18 days, under 12-hour LD conditions, the wild-type mice exhibited a normal daily activity pattern. They started running shortly after the onset of darkness and stopped running gradually before the onset of light. The correlation between LD and activity cycles indicates that their circadian rhythms were photoentrained. When the LD cycle was advanced 6 hours, the wild-type mice adjusted their rhythms. In contrast, the Math5-null mice initiated their activity cycles progressively earlier every day, regardless of the LD stimulus or phase shift in the LD cycle. This free-running behavior indicates that the SCN clock in Math5-null mice is not photoentrained.
To test whether the Math5 mutation alters the intrinsic properties of the SCN clock, activity was recorded in complete darkness (DD) for 24 days (Fig. 1) . In the absence of a light signal, both groups of mice had free-running patterns, with an intrinsic period similar to that previously observed for inbred C57BL/6J mice. 57, 58 The free-running period length (), measured from the onset of activity, was 23.4 Ϯ 0.19 hours (ϮSD) for Math5 ϩ/ϩ and 23.6 Ϯ 0.15 hours for Math5 Ϫ/Ϫ mice. The variance of and overall wheel-running activity were also similar in these two groups. When the LD stimulus resumed, the wild-type mice entrained immediately, whereas the Math5 mutants continued to exhibit free-running behavior. Finally, the mice were subjected to constant light for 18 days (Fig. 1) . Under LL conditions, the wild-type mice were free-running with a period greater than 24 hours (24.7 Ϯ 0.59), as expected. 59, 60 In contrast, all seven of the Math5-null mice continued to free-run with a period Ͻ24 hours. Taken together, these data show that development and function of the SCN clock do not depend on Math5 or RGC innervation.
Absent Retinohypothalamic Tracts in Math5 Mutants
To verify that the clock-blind phenotype of Math5-null mice is due to complete absence of an entrainment signal from the eye, we evaluated the retinohypothalmic tracts (RHTs) by anterograde labeling in vivo. CT-HRP was injected into the vitreous chamber in one eye of three wild-type and three Math5-null mice ( Fig. 2A ). This tracer is readily internalized by RGCs adjacent to the vitreous and is actively transported along RGC axons to the brain. 61 The uninjected contralateral eye served as a negative control.
Coronal sections through the hypothalamus were stained for peroxidase activity to reveal RHT innervation of the SCN. In wild-type mice, the ipsilateral optic nerve and RHT stained intensely (Fig. 2B) . Bilateral staining was observed in the optic chiasm, optic tracts, and SCN. Other RGC projection sites were also labeled, such as the lateral geniculate nuclei and superior colliculi (data not shown). In contrast, Math5-null mice showed no staining in the SCN (Fig. 2C, arrow) or other brain regions, but did have HRP activity within the retina of the injected eye (data not shown). Therefore, the circadian behavior of Math5-null mice can be explained anatomically by the absence of an RHT.
Electroretinogram Abnormalities in Math5 Mutants
To evaluate how the lack of RGCs in Math5 mutant mice alters the electrical physiology of the retina, we compared flash ERG responses. The shape, timing, and amplitude of ERG waveforms are sensitive aggregate measures of retinal function. [62] [63] [64] Moreover, the amplitude of ERG a-and b-waves is directly related to the number of cells responding to the light stimulus. 31 ERGs were recorded from five congenic wild-type and five Math5-null mice (Fig. 3) . Under dark-adapted conditions, both groups exhibited a biphasic STR (Fig. 3A, arrows) at low light intensity. At higher flash intensities, a-and b-waves were observed, which increased in amplitude according to the stimulus, and OPs became visible (Fig. 3A, arrowheads) . Each major waveform was present in the Math5 mutant ERGs, with a time of onset (latency) similar to wild-type, indicating that the electrophysiology of the rod pathway is grossly normal. However, the Math5-null mice had markedly decreased scotopic a-and b-wave amplitudes (Fig. 3A , note difference in scale bars). The b-wave reduction was greater, resulting in a negative overall waveform at the highest stimulus intensities. Under lightadapted (photopic) conditions, which isolate the cone pathway, Math5-null mice also had decreased a-and b-wave amplitudes (Fig. 3B) . However, because the photopic a-wave is small in rodents and may have contributions from post-synaptic neurons, 65 its amplitude cannot be used reliably to gauge cone photoreceptor abundance at these intensities. There was no 7 change in the spectral sensitivity of the photopic ERG (data not shown), suggesting that the ratio between S-and M-cones is not altered by the Math5 mutation.
To evaluate the scotopic ERG waveform effects in detail, we overlaid STR, a-wave and b-wave traces recorded from Math5 ϩ/ϩ and Math5 Ϫ/Ϫ mice. The shape and timing of the Ϫ/Ϫ (B) mice. Local clock time is double-plotted across the horizontal axis with the light stimulus indicated. The amplitude of the tick marks shows the intensity of wheelrunning activity. The data were recorded during a single 100-day experiment, as indicated on the vertical axis. (A) Wild-type mice had wheelrunning patterns that started and finished at the same clock time each day under LD conditions and were therefore photoentrained. When the LD cycle was advanced 6 hours, wildtype mice entrained to the new cycle within a few days, advancing their behavior by 6 hours. In constant darkness (DD), the wild-type mice were free-running with a 23.4-hour period (n ϭ 17). On returning to LD, the mice were re-entrained, with a 24-hour period. In LL, the mice were free-running with a 24.7-hour period (n ϭ 17). (B) Math5 Ϫ/Ϫ mice were free-running under all light conditions, with a 23.6-hour period (n ϭ 7). They resembled wild-type mice in DD. Their SCN clocks were intrinsically normal but did not photoentrain. (C) Free-running periods for each animal under DD and LL conditions, with the group averages Ϯ SD (red). LD, 12 hours light-dark.
STR was similar for both genotypes, but a 30-fold brighter stimulus was needed for null mice to achieve the same response amplitude as wild-type mice (Fig. 3C) . The ERGs recorded at maximum stimulus intensity were averaged within wild-type and null groups, normalized using the average a-wave amplitude of the wild-type mice, and superimposed to compare the timing and relative amplitude of a-and b-waves. 66 The latency and shape of these responses were nearly identical in wild-type and mutant mice (Fig. 3D) . However, the b-wave was more severely reduced in amplitude than the a-wave in Math5 mutants, an effect that is opposite to the ERG changes observed in animal models of photoreceptor degeneration. 66 -68 Quantitative analysis of the ERG data showed that absolute scotopic b-wave amplitudes were significantly lower in Math5-null mice than in wild-type mice at all light intensities (Fig. 4A , t-test, P Ͻ 0.05). A 15-fold greater stimulus intensity was needed to achieve a 30-V scotopic b-wave response in mutant mice than in wild-type mice. Scotopic a-wave amplitudes were also significantly lower in Math5-null mice at all intensities above 0.01 cd-s/m 2 . Similarly, the photopic b-wave amplitudes were significantly lower in Math5-null than in wild-type mice at all intensities (Fig. 4B , t-test, P Ͻ 0.05). Mutants needed four times more light than wild-type mice to achieve a 30-V photopic b-wave response. Finally, the mutants had reduced oscillatory wavelet amplitudes in the scotopic ERG. This reduction in the sum of OP amplitudes was greater than the reduction in a-and b-waves (Fig. 4D) . There was no difference in the implicit time of any ERG component between wild-type and mutant mice (Fig. 4C) . To assess the correlation between scotopic a-and b-wave responses, we plotted amplitudes recorded from individual mutant and wild-type eyes at maximum stimulus intensity. 66 The b-to a-wave ratio was consistently decreased in Math5 mutants, with a linear regression slope for V b versus V a that is one half that of wild-type (Fig. 4E) .
Decreased Laminar Thickness and Planimetric Cell Density in Mutant Retinas
The reduced ERG amplitudes in Math5 mutants suggest alterations in the size and/or connectivity of retinal cell populations. Indeed, differences in the relative abundance of Müller glial, bipolar, cone, and amacrine cells have been noted in Math5-null mice. 8, 10 It is clear that Math5 mutant retinas have thinner inner plexiform (IPL), inner nuclear (INL), and outer nuclear (ONL) layers than wild-type mice (Figs. 5A , 5B). To understand the basis of the ERG effects, we compared the (Figs. 5C, 5D ). We then counted the number of INL and ONL cells in each field and determined their planimetric density (Fig. 5E) . In Math5 mutants, the IPL was 40% thinner and the INL was 45% thinner than in wild-type (t-test, P Ͻ 0.001). We also observed smaller but statistically significant reductions in the mutant OPL and ONL, which were 12% and 14% thinner than the wild-type, respectively (t-test, P Ͻ 0.05). Planimetric density was calculated for the INL and ONL after correcting the cell counts per field for the section thickness and the nuclear diameter, which was similar in wild-type and Math5-null neurons (data not shown). These densities were then normalized to the wild-type values (110,000 and 428,000 nuclei per square millimeter for the INL and ONL, respectively), which were similar to data reported by Jeon et al. 69 for C57BL/6J mice. In the Math5-null mice, the INL planimetric density was reduced by 38%, and the ONL planimetric density was reduced by 15% (t-test, P Ͻ 0.05). This decrease is proportional to the reduction in laminar thickness.
Fewer Rods in Math5 Mutants
The reduction in the number of ONL cells, combined with the diminished scotopic a-wave amplitudes, suggests there are fewer rods in Math5-null mice. To measure this directly, we counted rod nuclei in paraffin-embedded sections adjacent to those used for thickness and cell density measurements (Figs. 6A, 6B). Rods were identified using the RetP1 antibody, which labels perikarya in addition to inner and outer segments.
54,55
The Math5-null mice had 28% fewer rods than the wild-type mice (t-test, P Ͻ 0.001), similar to the decrease in ONL cells.
Pan-specific Reduction of Bipolar Cells in Math5 Mutants
In previous studies, we found an equivalent number of amacrine cells in the INL of wild-type and Math5 mutant mice. 8 The INL thinning and diminished b-wave amplitudes are thus most likely due to a decrease in the number of bipolar cells. To test this hypothesis, we examined wild-type and Math5-null retinas by confocal microscopy, with markers specific for bipolar cell subtypes.
Protein kinase C (PKC) is expressed in the somata and axon termini of all rod bipolar cells. 56 Compared with wild-type retinas, the subcellular distribution of PKC protein in Math5-null retinas appeared normal with clearly discernible somata, dendrites, axons, and termini (Figs. 7A, 7B) . However, the PKC-positive bipolar cells had shorter axons and were ϳ30% less abundant in the mutants.
The heterotrimeric G protein G o ␣ functions in ON bipolar pathways and is required to generate the scotopic and photopic b-waves in the ERG. 70 It is expressed more widely than PKC (Figs. 7A, 7C) , by cone ON and rod bipolar cells. 56 We detected G o ␣ in the somata, dendrites, and axons of both bipolar subtypes (Figs. 7C, 7D) . The Math5-null retinas had normal G o ␣ expression patterns, but ϳ40% fewer G o ␣-positive cells than wild-type retinas (Fig. 7D ). There was a greater decrease in the number of G o ␣-positive cells than PKC-positive cells in Math5 mutants, indicating that both cone ON and rod bipolar subtypes are reduced.
Recoverin is a calcium-binding protein that is expressed at high levels by rod and cone photoreceptors and to a lesser extent by cone bipolar cells. 56, [71] [72] [73] In the mouse retina, recoverin is made by cone bipolar cells of the OFF subtype. 74 These cells are identified by their immunopositive axon termini in the outer third of the IPL, within the OFF sublamina (Figs. 7E, 7F, arrowheads) . The Math5-null retinas had normal recoverin staining patterns compared to wild-type retinas, with discernible bipolar cell somata, axons and presynaptic termini (Figs. 7E, 7F) . However, the Math5-null retinas had ϳ60% fewer recoverin-positive cone OFF bipolars, with shorter and more compact presynaptic arbors than in wild-type (Fig. 7F,  arrowheads) . Taken together, our data show that all three bipolar cell subtypes (cone ON, OFF, and rod) were reduced in Math5 mutant mice.
DISCUSSION
We have examined the effects of Math5 mutation and RGC agenesis on SCN clock and retinal function. The results demonstrate a severe disruption of circadian photoentrainment and specific alterations in retinal electrophysiology. These effects can be explained by the absence of RGC axons and secondary changes in the size of retinal cell populations, although other, qualitative changes in cell function and synaptic connectivity cannot be completely excluded.
Clock-Blind Math5 Mutants
In our wheel-running experiments, the Math5 mutant mice had rhythmic locomotor behavior patterns with a fixed period of 23.6 Ϯ 0.15 hours regardless of lighting conditions. In this respect, they resemble normal mice in constant darkness (DD). Their circadian clock functions normally, but the photoentrainment mechanism does not. By labeling the RHT, we showed that the anatomic connection between the retina and SCN is absent. Math5-null mice are thus genetically clock-blind. The SCN receives no tonic or phasic retinal input. Our mice replicate the free-running behavior of Opn4
Cnga3
Ϫ/Ϫ triple mutants and Opn4 Ϫ/Ϫ rd/rd double mutants, which lack melanopsin and functional photoreceptors but have intact RHTs. 24, 26 These mice were reported to have freerunning period lengths of 23.3 and 23.5 hours, respectively, in comparable experimental conditions. Together, these findings show that photic information, whether it is directly detected by RGCs or relayed from rods and cones, must be transmitted by RGCs to the SCN for photoentrainment to occur. Moreover, our results demonstrate that congenital absence of the RHT does not affect the development or intrinsic properties of the SCN, including its innate period length. 75, 76 Recently, an independent Math5-null strain was also shown by Wee et al. 48 to be incapable of photoentrainment. In contrast to our strain, these null mice retain a small number of RGCs, approximately 5% to 10% of wild-type, including melanopsin-positive RGCs, 9, 48 and were examined on a variably mixed 129SvEv ϫ C57BL/6 genetic background. 10 They exhib- ited free-running behavior under LD and DD conditions, but had an intrinsic period of 24.4 Ϯ 0.10 hours, 48 similar to normal mice in LL conditions or diurnal mammals in DD conditions. This discrepancy can be explained if the intrinsic circadian machinery in the Math5 mutants studied by Wee et al. 48 were functionally altered or if the residual RGCs in these mice transmitted weak, unbalanced, or inappropriate signals to the SCN, either directly or via accessory pathways, such as the intergeniculate leaflet (IGL), resulting in a lengthening of the free-running period. The geniculohypothalamic tract (GHT) has been shown to modulate period length under LL and DD conditions, in conjunction with the RHT. [77] [78] [79] The Math5 mutants studied by Wee et al. 48 have some retinal fibers projecting to the optic chiasm and a very small but measurable pupillary light response. 80 The free-running period length () may depend on the extent of residual RGCs and/or a genetic interaction between the Math5 mutation and modifiers in the C57BL/6 versus 129SvEv strain background, potentially including loci such as Cry1, which is linked to Math5 (Atoh7) on chromosome 10 and is known to control . [81] [82] [83] Indeed, several quantitative trait loci (QTLs) have been shown to determine in crosses between C57BL/6 and other inbred strains. 57-59,84 -86 This source of variation was significantly reduced in the C57BL/6J N 4 F 2 mice that we examined. Moreover, mice of the eyeless ZRDCT-AN strain also tend to have free-running periods that are Ͼ24 hours. 87 These mice have absent or greatly attenuated RHTs and variably abnormal hypothalamic anatomy 88 but intact GHTs, 89 resulting from a point mutation in the Rx homeobox gene.
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Diminished ERG Responses in Math5 Mutants
Math5-null mice have b-waves, a-waves, STRs, and OPs that are similar to wild-type in their shape and time course. However, the amplitudes of these waveforms are diminished to a different extent, depending on the retinal layer of origin. The scotopic a-wave, which is generated by photoreceptors, 31 is least affected in the Math5-null mice, whereas the scotopic b-wave, STR, and OPs which are generated by interneurons, are significantly reduced. Among these, the STR and OPs are diminished to a greater extent than the b-wave. An opposite pattern is observed in photoreceptor degeneration, which affects the a-wave more than the b-wave, followed by the STR. 66 -68 In this situation, electrical potentials generated by second-and third-order neurons postsynaptic to the photoreceptors may decline more slowly because of the large degree of signal convergence and amplification between the outer and inner retina. Other factors may also contribute, such as alterations in the function of remaining neurons 91, 92 or reactive changes in Müller glia, which are essential for the STR. 93 The scotopic b-wave is decreased in Math5 mutants for two reasons. First, there are fewer rods to detect light and stimulate bipolar cells, and these rods may have a reduced quantal catch. This causes a 58% Ϯ 4% decrease in the scotopic a-wave amplitude (Fig. 4D) and should, by itself, produce a 36% decline in b-wave amplitude. This prediction is based on the linear relationship between a-and b-wave amplitudes in transgenic rhodopsin P23H rats, which have pure rod photoreceptor degeneration. 66 Second, there are ϳ50% fewer bipolar cells in the Math5 mutants. Because these cells are primary generators of the b-wave, this should decrease the b-wave amplitude directly. Multiplying these effects, the scotopic b-wave in Math5 mutants is predicted to be: (1-0.36) ϫ (1-0.5) ϫ 100 ϭ 32% of wild-type, which is close to the observed result (31%, Fig. 4D) . Moreover, the slope of the b-versus a-wave amplitude plot is approximately halved in Math5-null mice (Fig. 4E) . This observation is consistent with the twofold decrease in the number of bipolar cells, assuming that the remaining cells synapse with photoreceptors and function normally.
In Math5-null mice, agenesis of ganglion cells and reduction of certain amacrine cell types 8 does not eliminate the STR. Similarly, optic nerve transection with subsequent loss of ganglion cells does not eliminate the negative STR in cats 41 or rats. 40 However, in the macaque monkey, experimental glaucoma causes RGC loss and abolishes the STR. 38 These observations suggest that the relative contribution of amacrine and ganglion cells to the STR differs between species. 39 In our experiments a ϳ30-fold brighter stimulus was needed to obtain an equivalent amplitude STR response in Math5 mutants compared with wild-type mice. This effect is larger than the change in STR produced by optic nerve transection. 41, 40 The difference may reflect a concomitant change in amacrine cells in Math5 mutants or a greater dependence of the STR on ganglion cell activity in mice compared with other species. Previously, we found a reduction in the abundance of calretininpositive and A2 amacrine cells in Math5-null mice. 8 Because A2 cells are the first amacrine cell type in the pathway between rod bipolar and ganglion cells, 94 it is reasonable to expect that their loss could affect the STR.
In our previous study, 8 we found an increase in the relative abundance of cone photoreceptors in Math5-null mice, but did not appreciate the decreased rod density and ONL thickness. The absolute number of cones is also increased in Math5 mutants, but these cells are relatively disorganized compared to the orderly arrangement of cones in wild-type mice. The ϳ75% reduction in the photopic b-wave (Fig. 4B) can be explained by the ϳ40% reduction in G o ␣ bipolar cells (Fig.  7D) , particularly if the cone quantal catch and the connectivity between cones and ON bipolar cells were impaired. In the Nrl knockout mouse, photopic a-and b-waves are increased dramatically, but not in proportion to the huge increase in cones. 95 
Alterations in Retinal Cell Populations
The ERG data indicate that the number of rod photoreceptors, and rod and cone bipolar cells was reduced in Math5-null mice. Quantitative analyses of retinal laminar thickness, planimetric cell density, and rhodopsin staining support these observations. In several respects, the decreased b-and a-wave amplitudes and correlated reduction in INL and ONL cell densities in Math5 mutants are reminiscent of ERG and histologic changes in Krd/ϩ mice, which have severe malformations of the optic stalk and nerve due to a Pax2 gene deletion, resulting in a deficiency of RGCs and a six-fold decrease in ganglion cell layer (GCL) density. 52, 96 Diminished b-wave amplitudes have also been noted in humans with optic nerve hypoplasia and correlate with disease severity (van Boemel GB, et al. IOVS 2002;43:ARVO E-Abstract 909). 97 All three major classes of bipolar cells (rod, cone ON, cone OFF) are reduced in Math5-null mice. The decrease in rod bipolars (PKC-and G o ␣-positive) can largely explain the reduction in the scotopic b-wave amplitude. The decrease in cone ON bipolars (G o ␣-positive, PKC-negative) causes the reduction in the photopic b-wave. Because b-waves are present, rod bipolar and cone ON bipolar pathways are clearly functional in Math5-null mice. Furthermore, the patterns of PKC, recoverin, and G o ␣ staining are morphologically normal. These data suggest that the Math5 mutation changes the abundance of bipolar cells, but does not significantly alter their properties.
Despite the absence of RGCs and secondary alterations in the size of other cell populations, the intraretinal circuitry is generally intact in Math5 mutants. Moreover, the bipolar cell axons in these mice project to the proper sublaminae in the IPL (Fig. 6, and 98 and in the ath5 mutant (lakritz) zebrafish. 99 Taken together, our findings show that fundamental aspects of retinal wiring do not depend on cues provided by postsynaptic cells or on a functional connection between the eyes and brain.
